We document a new and unusual occurrence of patterns of protruding spheroidal weathering developed in a dunitic rock of the Pados-Tundra mafic-ultramafic complex of Early Proterozoic age, Kola Peninsula, Russia. It provides an example similar to that reported recently from a mineralized harzburgite in the Monchepluton layered complex in the same region. These patterns are genetically different from common results of "normal spheroidal weathering" sensu stricto. The spheroidally weathered dunite at Pados-Tundra consists of a high-Fo olivine, Ol (Fo 87.5 ), which is, in fact, not altered. Accessory grains of aluminous chromite are present. Relief spheroids (1.5 to 4 cm in diameter; up to ~5 vol. %) are distributed sparsely and heterogeneously. They are hosted by the olivine matrix and composed of talc, Tlc, and tremolite, Tr, (Mg# = 95-96) formed presumably at the expense of orthopyroxene, Opx, (i.e., pre-existing oikocrysts) during a deuteric (autometasomatic) alteration. In contrast, oikocrystic Opx (En 86.0 ) is quite fresh in related spheroids at Monchepluton, in which only minor deuteric alteration (Tlc + Tr) are observed. We infer that (1) the ball-shaped morphology of the weathered surface is a reflection of the presence of oikocrysts of Opx, which crystallized after Ol at the magmatic stage; they were entirely replaced by the deuterically induced Tlc + Tr at Pados-Tundra. (2) Differential rates of weathering are implied for rock-forming minerals in these ultramafic rocks, with a higher resistance of Opx vs. Fo-rich Ol, and Tlc + Tr vs. Fo-rich Ol. (3) The ball-like shape of the large spheroids, produced by magmatic processes, may likely represent an additional factor of their higher stability to weathering in the superficial environment. Similar patterns can be expected in other mafic-ultramafic complexes, especially in layered intrusions.
Introduction
Spheroidal weathering, related to chemical weathering, is expressed by the appearance corestones, i.e., spheroids of relict bedrock of various compositions and sizes, which are mantled by concentric shells or rindlets arranged in zones (e.g., Chapman & Greenfield, 1949; Ollier, 1971; Chatterjee & Raymahashay, 1998; Fletcher et al., 2006) .
In the present article, we document a new occurrence of unusual patterns of spheroidally weathered surface, which are, in fact, not related to processes of "normal" spheroidal weathering. These spheroids observed in a dunitic rock of the Pados-Tundra complex (2.15 Ga) are similar to the patterns described recently, as a novel mechanism of spheroidal weathering, in a mineralized harzburgite of the Monchepluton layered complex (2.5 Ga), also from the Kola Peninsula, Russia (Barkov et al., 2015) . Here, we compare textures, compositions and mineral associations which are characteristic of these two occurrences and discuss factors responsible for the origin of the spheroid type patterns of weathering in ultramafic rocks.
Geological background
The Pados-Tundra complex is about 6 km long and 1.5-2.1 km thick . It is associated with an upthrust structure of Paleoproterozoic age, developed in the Lapland granulite rocks of the Kola-Mezenskiy block, near its contact with Archean granite and gneiss of the Belomorskiy block. This complex was considered to be a major representative of the Notozerskiy (Notozero) suite, known as a "Serpentinite belt" extending for over 40 km (Vinogradov, 1971; Zak, 1980) . Results of radiometric dating gave a lower Proterozoic age of 2.15 Ga for the Pados-Tundra complex (Shapkin et al., 2008; Shapkin & Bayanova, 2009) . Its geologic structure, investigated by Mamontov & Dokuchaeva (2005) , consists of meta gabbroic rocks of the "endocontact zone", and a rhythmically layered series of dunite -harzburgite -orthopyroxenite rocks (Fig. 1b) . Dunite, a nearly monomineralic cumulate with 90-95 vol.% olivine, contains minor orthopyroxene (<1 vol.%) and accessory grains of chromite-magnesiochromite (up to 2-3 vol.%). Typically, harzburgite is composed of olivine (60-70 vol.%) and orthopyroxene (up to 40 vol.%), with minor chromite (up to 3 vol.%). Orthopyroxenite is rich in a highly magnesian orthopyroxene: up to 95-97 vol.%. Several layers of chromite and pipelike bodies rich in Cr-Fe oxides occur in the Dunite block of the complex ( Fig. 1b ; Mamontov & Dokuchaeva, 2005) . In addition, there is a related body of dominantly ultramafic rocks in the vicinity of the Pados-Tundra intrusion; i.e., Malyi Pados ("Little Pados": Fig. 1c ). Previous investigators (Mamontov & Dokuchaeva, 2005 , and references therein) interpreted it as being an individual or satellite intrusion. We suggest that, alternatively, it represents a block or fragment separated as a result of detachment from the Pados-Tundra complex.
Protruding spheroidal weathering at Pados-Tundra
The spheroidally weathered dunite occurs in outcrops in the northeastern part of the PadosTundra complex (Fig. 1b) . Morphologically, the patterns observed (Figs. 2a, b) are notably similar to those developed at Mount Kumuzh'ya in the Monchepluton complex (Figs. 2c, d; Barkov et al., 2015) . At Pados-Tundra, the relief spheroids (1.5 to 4 cm across) are sparsely developed and hosted by an olivine-based matrix. They are mostly composed of hydrous silicates, i.e. talc and tremolite, presumably deuteric (autometasomatic) in their origin, which have grown pseudomorphically at the expense of the oikocrystic orthopyroxene; grains of olivine and chromite are poikilitically enclosed within the former oikocrysts (Figs. 3a, b ). Our observations imply that the oikocrystic grains of Opx generally extend in a layer-like manner at a level of close Figure 1 (a-c). 1a: the location of the Pados-Tundra (P) and Monchepluton (M) complexes in the Kola Peninsula, northwestern Russia; 1b: geological map of the Pados-Tundra complex (slightly modified from Mamontov & Dokuchaeva, 2005) . 1: dunite, 2: harzburgite, 3: serpentinite, 4: a tremolite-rich rock formed at the expense of orthopyroxenite, 5: orthopyroxenite, 6: olivine orthopyroxenite, 7: a chlorite-biotite-amphibole rock of the "exocontact zone", 8: gabbro, 9: mylonite or variously mylonitized rocks, 10: a talc-magnesite rock, 11: faults (observed: upper symbol or proposed: lower symbol), 12: dike of plagiogranite, 13: stratified layers of chromitite (13a), shown out of scale, and zones of Cr-rich magnetite (out of scale) at the contact (13b); 14: podiform and pipe-like orebodies rich in Cr-Fe oxides, 15: a fault zone proposed in this study, 16: location of the investigated outcrop with patterns of spheroidal weathering (this study). Fig. 1c shows the Malyi Pados intrusion, considered to be a satellite intrusive body (Mamontov & Dokuchaeva, 2005) . Alternatively, it represents a block detached from the Pados-Tundra complex, involving the proposed fault system (shown in red: this study). The scale bar is 0.5 km.
to, and beneath of, the Lower (Main) layer of chromitite in the Dunite block.
Representative compositions acquired by wavelength-dispersive spectrometry (WDS; a Cameca SX100 electron-microprobe) are listed in Table 1 . The WDS point-analyses gave narrow compositional ranges documented for 30 grains of olivine and chromite each, and 10 grains of talc and tremolite each, analyzed in their variously textured forms present in the spheroidally weathered dunite at Pados-Tundra. Barkov et al., 2015) complexes. The observed spheroids (S), hosted by the olivine-rich matrix, are composed of orthopyroxene oikocrysts, which are entirely replaced by deuteric hydrous silicates (talc + tremolite) at Pados-Tundra. The dashed arrows point to specimens of spheroid type rocks collected from this outcrop. Note the development in the weathered crust (Fig. 2 c, d ), and locally through the specimen, of a reddish material formed during weathering of grains of the Fo-rich olivine.
Discussion

Comparison with Monchepluton
The overall variations, observed at Pados-Tundra and Monchepluton, are compared in Table 2 . At Monchepluton, the spheroids (Figs. 2c, d ) are 3-4 cm oikocrysts of a highly magnesian orthopyroxene: En 86 , which enclose aggregates of chromitemagnesiochromite, and host inclusions of high-Fo olivine and magnesian augite (Barkov et al., 2015) .
The documented spheroid type occurrences in the Kola Peninsula are notably similar. (1) They both are associated with oikocrysts or spheroids of orthopyroxene (entirely replaced or well preserved) associated with olivine cumulates in the matrix; (2) Grains of chromian spinel in these rocks (dunite vs. harzburgite: Table 2 ) are aluminous magnesian chromite; their compositions are notably similar, with a somewhat higher content of Mg (magnesiochromite component) and Al, and correspondingly, lower Fe and Cr in the __________________________________________________________________________________________________________ Note: Spheroidal patterns of weathering from the Pados-Tundra complex (this study) are compared with the patterns described from Mount Kumuzh'ya in the Monchepluton complex (Barkov et al., 2015) . mg# is 100Mg/(Mg+Fe 2+ ).
harzburgite at Monchepluton. (3) Different amounts of deuteric talc and tremolite, replacing orthopyroxene, are uniformly present in these rocks. In contrast, the dunitic rock at Pados-Tundra has much lower amounts of pre-existing oikocrysts (~5 vol. %); it is poor in chromite and rich in olivine which is notably magnesian (ranges in Fo: 87.0-87.5 mol.% vs. 89.2-90.5 mol.%: Table 2 ). The relative enrichment in Mg (correspondingly, depletion in Fe) in these grains of olivine at Monchepluton could be caused by their subsolidus re-equilibration or a high-temperature reaction with the associated chromite-magnesiochromite (~20 vol. %). On the other hand, this chromite is richer in Mg, consistent with a more magnesian depositional environment in the harzburgite unit at Mount Kumuzh'ya in the Monchepluton complex.
At Monchepluton, the following order of crystallization is indicated for the spheroidally weathered harzburgite (Figs. 2c-d): (1) crystals Ol (M: matrix) → (2) grains of chromite (Chr), interstitial to Ol (M); subhedral grains of Chr hosted by Opx (S: spheroid) → (3) oikocrysts of Opx (S) crystallized from a more evolved (fractionated) melt; intercumulus clinopyroxene → (4) zoned Chr (M); and fluorapatite (S) formed from droplets of trapped melts → (5) micrograins of nickel sulfides deposited at boundaries of Chr grains (S); inclusions of albite (in Chr) formed at <400°C from trapped microdroplets of a highly evolved melt or from microbubbles of a residual melt enriched in Na and Si, which are incompatible with Chr (Barkov et al., 2015) .
The order of crystallization inferred for the Pados-Tundra specimen is generally consistent: (1) crystals Ol (M: matrix) → (2) grains of Chr [associated with Ol (M) and hosted by altered oikocrysts of Opx (S)] → (3) oikocrysts of Opx (S) crystallized from a fractionated melt. (4) Finally, as a result of the enrichment and accumulation in an evolved melt of H 2 O and magmatic volatiles, the primary oikocrysts of Opx were entirely replaced by talc and tremolite during the autometasomatic stage of alteration (Figs. 3a, b) .
Factors favoring spheroidal weathering
The formation of "normal patterns" of spheroidal weathering is generally based the following sequence of events: rectilinear systems of microfractures → rectangular blocks → rounding of their edges and angularities (Chapman & Greenfield, 1949; Ollier, 1971; Chatterjee & Raymahashay, 1998; Fletcher et al., 2006; Buss et al., 2008) . No rindlets or pore spaces within a zone of rindlets, or a specific system of microfractures, are observed in our cases. Thus, the presently examined examples at Pados-Tundra are related to the spheroid type weathering documented at Mount Kumuzhya; indeed, these are distinct from the "normal spheroidal weathering". The following observations also are informative: (1) The harzburgite rock (Figs. 2c, d ) is dense, unbroken and fresh. The grains exposed at the weathered crust surface show a strong internal integration with each other; therefore, such relief could not have formed by a physical selective disintegration of the olivine matrix. (2) The weathering front appears to be subsurface or surface-limited. Note that the weathered crust is rather thick, black with a reddish tint in the internally exposed layer (Figs. 2c, d ); this material (probably a mixture Fe 2 O 3 + FeOOH) is secondary, presumably rich in ferric iron and formed by oxidation of the released iron during the weathering of olivine grains. The following characteristics are important to account for the development of spheroidal-type weathering at Monchepluton (Barkov et al., 2015) : (1) The observed presence of large oikocrysts of orthopyroxene, which are a component of a magmatic texture. (2) The existing differences in rates of weathering of olivine and orthopyroxene. The Bowen's reaction series is consistent with an order of increasing stability of minerals at the Earth's surface: quartz is most stable and olivine is least stable. Besides, enstatite has a greater resistance than forsterite to a chemical weathering; the susceptibility series is: Ol → Pl → Px → opaque minerals (Eggleton et al., 1987) . The presently examined spheroids at Pados-Tundra, composed dominantly of hydrous silicates, indicate that talc and tremolite showed the greater resistance with respect to the associated olivine. In addition, individual specimens of spheroids identical to those present in situ (Figs. 2a, b) were found in a well-preserved state (commonly having ellipsoidal shapes), being fully liberated from the host olivine, in the ground near the examined outcrop.
Concluding comments
(1) A new occurrence of spheroidally weathered ultramafic rock is presently documented in a dunite of the Early Proterozoic Pados-Tundra complex. These forms are related to the spheroidal patterns described at Monchepluton, also from the Kola Peninsula (Barkov et al., 2015) ; they both clearly differ from the occurrences of "normal spheroidal weathering" sensu stricto. In contrast to "normal patterns" of spheroidal weathering, which are typically developed below the soil surface, the protruding ball-like forms of weathering occur on exposed surfaces of outcrops of the ultramafic rocks at Pados-Tundra and Monchepluton. (2) As in specimens at Monchepluton, the ballshaped morphology of the weathered surface observed at Pados-Tundra is a reflection of the presence of large oikocrysts of orthopyroxene, which crystallized during a magmatic stage and were subsequently entirely replaced by autometasomatically produced talc and tremolite. The mixture of the latter minerals is quite soft. Therefore, processes of chemical weathering, rather than mechanical (physical) weathering, exerted a major control to form the relief surfaces of spheroid type in these ultramafic rocks. (3) Presumably, the ball-like shape of the protruding spheroids could be an additional reason for their higher resistance to weathering and stability in the superficial environment. (4) Similar patterns of spheroid-type weathering can well be expected in other mafic-ultramafic complexes, especially in layered intrusions.
